ABSTRACT. Bowhead whales of the Bering-Chukchi-Beaufort Seas stock harvested by Alaskan Eskimos were examined for scars from killer whale and ship-collision injuries. We estimated that the frequency of scars from killer whale attacks ranged from 4.1% to 7.9% (depending on our confidence that the whale was properly examined) while about 1% exhibited scars from ship collisions. The frequency of killer whale scars was considerably lower than for bowhead whales of the Davis Strait stock and for other baleen whales where data are available, and was significantly lower (P < 0.05) for whales < 13 m. Patterns for both types of scars were quite similar to those reported for other cetacean species. Spaces between rake marks were within the range of interdental measurements from four killer whale skulls. The occurrence of attempted killer whale predation and ship strikes inferred from scars has not prevented the BCBS stock from increasing.
INTRODUCTION
Since 1978, the Alaskan Eskimo Whaling Commission has provided reliable estimates of bowhead whale hunting mortality to the International Whaling Commission . Because there are no direct estimates of nonhunting mortality (hereafter, natural mortality) for bowhead whales in the Bering-Chukchi-Beaufort Seas stock (BCBS), mortality values for management decisions are largely inferred from other species of baleen whales and from population modeling (Breiwick et al., 1984; Chapman, 1984; Zeh et al., 1993; Givens et al., 1994) . Here we provide direct information on two potential sources of natural bowhead whale mortalityship collisions and killer whale predation.
A considerable body of literature exists on killer whale attacks and predation on various cetacean species but relatively little for bowhead whales (Tomilin, 1957; Hancock, 1965; Morejohn, 1968; Scheffer, 1969; Rice and Wolman, 1971; Baldridge, 1972; Matthews, 1978; Tarpy, 1979; Katona et al., 1980; Kraus et al., 1986; Kraus, 1990) . Mitchell and Reeves (1982) suggest that killer whale predation and ice-entrapment are significant sources of natural mortality for the Davis Strait stock of bowhead whales, and that natural mortality together with low-level subsistence hunting may be slowing the recovery of the Davis Strait stock. Finley (1990) reported that 31% of bowhead whales of the Davis Strait stock feeding in Isabella Bay, Northwest Territories showed evidence of killer whale bites. Finley also witnessed two killer whale attacks on adult bowheads in the Eastern Canadian Arctic (Finley, 1990) . Nerini et al. (1984:461) observed a bowhead whale with injuries "consistent with the dentition of killer whales."
Ship-whale collisions have been reported for other species of baleen whales (Kraus, 1990; Heyning and Dahlheim, in press ). The only published report for bowheads, however, appears in Nerini et al.(1984) , where a healed injury on a bowhead was tentatively identified as old propeller scars. Kraus (1990) gives a comprehensive summary of mortality from large ship collisions with North Atlantic right whales (Eubalaena glacialis). Heyning and Dahlheim (in press ) provide evidence of ship collisions from injuries on dead, stranded gray whales (Eschrichtius robustus) and report a direct observation of a ship colliding with a healthy, migrating whale.
The skin of the bowhead whale is jet black except for healed scars and patches of white on the chin, genital groove, and peduncle. Injuries that penetrate through the epidermis apparently heal without melanocytes and become pure white (Albert et al., 1980) . This skin characteristic leaves a persistent record of the animal's past injuries (Rugh et al., 1992) . Evidence of injuries from net and line entanglement have been inferred from scarring for BCBS whales .
In this paper we describe scar patterns on bowhead whales of the BCBS taken by coastal Alaskan Eskimos from spring 1976 to fall 1992 (Fig. 1) . From these scar patterns we infer past killer whale attacks and ship collisions and draw on our own and previously published observations to estimate the frequency of these events. unusual scars. Unusual scars include those which intrude deeply (ca. 10 cm) into the blubber, are greater than 1 m in length, or highly structured (i.e., killer whale teeth marks). The widths, lengths and spacings of the scars reported here were estimated from photographs and/or direct measurements.
To classify the scar types, we had the photographs examined by researchers knowledgeable about scarring on North Atlantic right and humpback whales. These researchers independently identified and scored the scar types.
We analyzed only whales carefully examined or photographed between spring 1976 and fall 1992. To estimate the frequency of scar types, we sub-divided the data based on a) the period of examination, and b) our confidence that the scars were properly identified. The criteria for including whales in the sample were 1) that a biologist conducted the examination, and the examination included a fluke measurement, (indicating the flukes were available for inspection), and /or, 2) the field datasheets definitely indicated the whale was examined by either a biologist or whale hunter for conspicuous scars.
We used the data from 1980 to 1992 for demographic analysis (sex ratios, percent mature) since record keeping was better for this period. A mean length at sexual maturity of 13 m was used as a breakpoint to estimate the number of mature animals in the sample (Koski et al., 1993) . A Fisher's Exact Test was used to test for differences between the frequency of killer whale injuries on mature and immature whales.
We note erratic scar patterns, probably caused by sea ice, on essentially all landed bowheads. We separated these visually from the killer whale and ship collision scars by their configuration and location as described in the methods.
RESULTS

Killer Whale Attacks
Among the 355 bowhead whales landed by Alaskan Eskimos since 1976, we determined 195 whales were confidently examined for such scars. The examined whales (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) ranged from 6.1 to 17.7 m in length. Of these 195, eleven (5.6%) carried rake marks of which eight (4.1%) were definitely attributed to killer whales by us and the other examiners (Table 1 ; Fig. 2 a -f ). Using only data from 1980 to 1992 (a period for which better records exist) these figures increase slightly to 7.9% for definite and 6.1% for possible killer whale injuries.
The average length for whales with definite rake marks was 15.4 m (SD = 2.23; N = 8), which approaches the maximum reported length for bowheads (Table 2) (Nerini et al., 1984) . For mature animals (> = 13 m; 1980 -1992) , the incidence is considerably higher as 14.9% to 19.1% carried killer whale injuries (Table 1) . Scar frequencies were significantly greater (Fisher's Exact, P = 0.008) for mature whales (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) with definite killer whale injuries (> = 13 m, 14.9%) than on immature whales (< 13 m, 1.5%) with definite killer whale injuries.
The scar configuration was fairly consistent among the afflicted bowheads. Each rake mark consisted of several long, thin, parallel scars 2.5 to 5.1 cm apart (with the noted exception METHODS During routine examinations of landed bowhead whales taken by Alaskan Eskimos we investigated their scar patterns to infer the cause of these injuries. We photographed most major wounds and large or of 90B5) and occurred primarily on the caudal margins of the flukes; but we also found rake marks on the flipper of one animal and near the genital groove of another (Table 3) . Most whales showed multiple rake marks (Fig. 2a, c, d, f) , but two showed only one rake mark (Fig. 2b , e). The individual teeth marks measured about 1 cm in width and ranged from approximately 5 to 20 cm in length. The entire assemblage of rake marks ranged from 12 to 30 cm in width (Table 3) .
Whale 90B5 had killer whale-like rake marks on the caudal tip of the left flipper (Fig. 2e ). Both dorsal and ventral surfaces were affected, and although the position and configuration of the scars were consistent with other killer whale injuries, the distances between individual rake marks were too great (mean = 9.6 cm) to be definitely attributed to killer whale bites. Plausible explanations for the scarring pattern include: a) the teeth marks were made by a very large killer whale, b) the marks occurred when the animal was small and the scars separated as the flippers grew, or c) an outboard motor propeller struck the whale.
The scarring on whale 78WW2 was somewhat unusual in that the scars occurred on the ventrum, appeared to curve caudally, and included two separate sets of scars (Fig. 2f ). This scar pattern may have been caused by the bowhead escaping forward during the attack causing the killer whale's teeth to rake backwards. The second set of teeth marks (on the right) may have involved only the killer whale's upper jaw. Separations of the rake mark scars ranged from 2.5 to 5.1 cm. Killer whales are known to lacerate the genital region of their prey. S. Kraus (pers comm., 1992) has observed killer whale rake marks on the genital region of humpback whales. Baldridge (1972) describes his observations of a killer whale attack on a gray whale calf in which they consumed all the blubber on its ventral surface between the genital region and throat.
Ship Collisions
Of the 355 bowheads landed since 1976 we found 236 that we determined were confidently examined for scarring since 1976. Two whales from this total (0.8%) carried ship strike injuries and one other whale (76B7F) may have had a ship collision injury (Table 1, Fig. 3 ). Bowheads in this sample ranged from 6.1 to 17.7 m in length. For the period for which we have better records (1980 -1992) , we find only one ship strike event from 155 whales (0.6%). Of these, 40.3% were presumably mature (> 13 m), 55.2% were female and lengths ranged from 7.0 to 17.7 m. The size and extent of these injuries suggest the whales were struck by the propeller of a large vessel. Bowhead whale 76H4, previously reported by Nerini et al., (1984) , had three distinct crescent imprints on the left lateral surface of the thorax about 1.5 m posterior to the blowhole (Fig. 3a) . Each individual scar measured about 10 × 30 cm and the entire scar pattern was about 1.5 m in length. Whale 76B7F had a depressed injury on its dorsal surface (10× 13 cm) with an hourglass-shaped scar. The examiner suggested it may have been inflicted by a harvest attempt rather than collision with a ship's propeller.
Bowhead whale 87WW2 had a large, "butterfly" shaped laceration measuring roughly 100 × 30 cm on the caudal edge of the left fluke (Fig. 3b) . No rake (teeth) marks were associated with the injury. 
DISCUSSION
One of the greatest difficulties of the analysis was to determine which whales were properly examined for scarring. In the last ten years alone, examinations have been conducted by over 50 different hunters and field biologists. Since whale hunters are required only to report the length and sex of the whale, we could not assume their whales were carefully examined for scarring, and therefore could not use them in this analysis. In past years, many examinations made by biologists (ourselves included) were also inconclusive regarding scarring and could not be used. Since 1990 we have added "check-off" boxes to the field data forms to prompt the examiners to check the whales for killer whale, ship collision and line entanglement injuries.
Killer Whale Attacks
The scars on harvested bowheads attributed to killer whales were similar to scars observed on other large mysticetes (Rice and Wolman, 1971; Tarpy, 1979; Katona et al., 1980; Kraus et al., 1986; Kraus, 1990 ) and on other killer whales (Scheffer, 1969) . Spaces between rake marks (2.5 to 5.1 cm) were within the range of interdental measurements (2.3 to 5.1 cm) from four killer whale skulls (two from the National Marine Mammal Laboratory and two from the Museum of Comparative Anatomy; M. Dahlheim, pers. comm. 1989; Scott Kraus, pers. comm. 1992) (Table 3) . Scheffer (1969) reported a mean tooth separation of 3.45 cm from skulls of two adult male killer whales.
The locations of rake mark injuries on the bowheads were consistent with scars attributed to killer whale attacks on other cetaceans. The rake marks on bowhead whales were primarily on the flukes, but were also found on the flipper and ventrum. Rice and Wolman (1971) reported that gray whales examined at whaling stations carried killer whale rake marks on both their flukes and their flippers. They surmised that "the predominance of scars on the flukes and flippers suggests that killer whales usually attempt to kill gray whales by seizing their flukes and flippers so as to immobilize and drown them" (Rice and Wolman, 1971:98) . Hunters from St. Lawrence Island have also observed pods of killer whales waging attacks on gray whales by biting at their flukes while others flanked their sides and rammed the mouth (C. Oozeva, pers. comm. 1989). Whale 92B2 appeared to carry rake marks of varying tooth width; perhaps from more than one animal attacking it. We do occasionally see small lacerations on the distal margin of the flippers of landed whales but because rake marks are absent, we can not confidently attribute these to killer whale bites.
It may be that the scars reported here do not represent serious predation attempts. Ljungblad and Moore (1983) witnessed killer whales chase but not actually attack a gray whale. Similarly, TABLE 3. Characteristics of selected killer whale "rake-mark" scar patterns on bowhead whales harvested by Alaskan Eskimos ( Fig. 2a-f One set of rake marks on caudal margin of fluke tip; only dorsal surface examined (Fig. 2b) .
83G1 20 7 -20 2.8 Multiple rake marks; tissue torn from caudal edge; scars on both dorsal and ventral (d&v) surfaces (Fig. 2a) .
87B4 -10-20 3.5 Multiple rake marks; caudal edge of fluke avulsed; rake marks on both (d&v) surfaces of left fluke (Fig. 2c) . One set of rake marks; scars on tip of left flipper; scars appear to be killer whale marks but distances between individual scars are greater than interdental distances of killer whales (Fig. 2e) . Whitehead and Glass (1985) reported a killer whale attack on a humpback whale (Megaptera novaeangliae) in which the predators apparently made no serious effort to kill the animal. Finley (pers. comm. 1989) , based on photographs and personal observations of belugas harassing a bowhead, has suggested that belugas may produce wounds similar to killer whales. Alaskan whale hunters have also made reports of bowheads being harassed by belugas. Beluga tooth spacing (ca. 1 cm) and rostrum size (ca. 10 cm) are, however, too small to produce the scarring reported here (Tomilin, 1957) . Furthermore, from examinations of hunterkilled belugas, we have noted on some large animals that their teeth are worn to the gum line.
Although polar bears are known to kill adult belugas entrapped in ice (Lowry et al., 1987a) they are unlikely to have caused the scarring we observed on bowheads. Marks from polar bears would likely be on the whales' backs and their claws could not affect both the dorsal and ventral surfaces of the flukes. In addition, while the claw separation on polar bears does overlap, it is generally greater than the distances between scars reported here. For example, the claw separation from the paw of a 228 cm female polar bear averaged about 4 cm but could expand to 8 cm.
Sharks were suggested as a possible source for the observed scarring. Scarring from shark bites, however, has an entirely different configuration. Shark wounds on seals, for instance, are differentiated from other injuries by the numerous penetrations in an oval configuration and by the jagged serrations caused by their sharp, knife-like teeth (Brodie and Beck, 1983; Riedman, 1990) . Separations between shark bite marks were not given by these researchers.
Our present knowledge of killer whale and bowhead whale distribution in the Bering Sea indicates overlap in the ranges at least during fall. However, the exposure that bowheads have to killer whale attacks and predation is unclear because little is known about the seasonal distribution of killer whales in the Bering Sea. Bowhead whales summer in the Beaufort Sea and migrate through the northern Bering and Chukchi Seas in spring and fall (Braham, 1984; Miller et al., 1986; Moore and Clarke, 1992) . They inhabit the Bering Sea from approximately November through April, with considerable temporal and spatial variation in occurrence, likely dependent on pack ice cover (Brueggeman, 1982; Brueggeman et al., 1987) . Killer whales frequent the Bering and Southern Chukchi Seas, at least during the summer months, however, two sightings were reported from the Beaufort Sea (Leatherwood et al., 1986; Lowry et al., 1987b) . Observations of killer whales in heavy ice cover in the Bering and Chukchi Seas indicate that they can penetrate substantial concentrations of sea ice (Leatherwood et al., 1986; Lowry et al., 1987b) but their propensity to do so is unknown. St. Lawrence Island hunters report that killer whales arrive in their waters in May and June and that attacks of killer whales on gray whales during the summer months are fairly common. We have never seen killer whales during 15 years of ice-based censusing at Barrow (from 15 April to 1 June, 1976 -1992), but we and local hunters do see a few killer whales each year in the Point Barrow region during July and August. In addition, since 1985 Eskimo hunters have related two instances of killer whales attacking and killing gray whales in the Chukchi Sea near Barrow.
As noted earlier, Finley (1990) describes a high incidence of scarring (31%) on a subset of photographs of Davis Strait bowheads in Isabella Bay. He also describes a suite of killer whale-avoidance behaviors by bowheads that are common enough to merit a phrase (Ardlingayuq) by Inuit hunters. The smaller population size, as well as the greater duration of overlap in the distribution of killer whales and bowheads and differences in the vulnerability of bowheads due to environmental conditions may all contribute to the relatively greater frequency of attacks on the Davis Strait bowhead stock. By contrast, bowheads of the BCBS often have access to sea ice in the Bering and Chukchi Seas and may escape predation by killer whales by navigating through areas of dense or complete ice cover where killer whales would be unable to follow (George et al., 1989; Finley, 1990) . Reeves and Mitchell (1989) propose that bowhead whales, belugas and narwhals associate with the sea ice front in part to escape and evade killer whales.
As discussed earlier, mostly very large whales (mean length = 15.4) carried definite killer whale marks. The greater frequency of killer whale marks on large whales is open to several interpretations. The absence of scarring on small whales may be attributable to: 1) inadequate examinations, 2) larger and hence older whales having had greater exposure to killer whale attack, 3) the likelihood that few small bowhead whales survive killer whale attacks, 4) killer whales selecting primarily large prey. St. Lawrence Island hunters have reported two small (< 9 m) deadstranded bowhead whales which they were confident died from killer whale injuries (C. Oozeva, pers. comm. 1989) . While it appears that killer whales are able to kill adult whales of other species, such as minke and gray whales (Baldridge, 1972; Steltner et al., 1984) , the literature does not assess the depredation on various size classes. It is unlikely that killer whales would select primarily large prey. The relative strength of the other three explanations cannot be fully assessed from the current data. If we assume our sample size is adequate, then some combination of explanations 2) and 3) (exposure time and small whales succumbing to attacks) seems the most plausible reason for the presence of rake marks only on large whales. Mitchell and Reeves (1982) speculate that killer whales may be partly responsible for the failure of bowheads to recover from over-exploitation by commercial whaling in the Eastern Arctic. They and Finley (1990) propose that killer whales in the Eastern Canadian Arctic can meet their nutritional needs by exploiting other more abundant prey species, yet they still depredate bowhead whales when available. Thus, they propose that Davis Strait stock bowheads have not been spared from killer whale predation through a simple predator-prey feedback cycle (Mitchell and Reeves, 1982) . With respect to BCBS bowhead whales, we question whether they migrate to the Beaufort Sea (to summerfeed and rear calves), from the rich feeding grounds of the Bering Sea, in part to avoid killer whale predation.
The relatively low frequency of bite marks on BCBS bowheads likely reflects a relatively low frequency of killer whale attacks and predation pressure (Table 1) . With the exception of the two small bowheads reported by St. Lawrence Islanders, most bowheads that are attacked and successfully killed probably go unrecorded. Likewise, we may have missed some scars during the examinations which, in part, may explain why so few rake marks were reported prior to 1980 (Table 1) .
Ship Collisions
Ship-whale collisions may leave severe injuries ( Fig. 3a and  3b ) and are frequently fatal (Kraus, 1990) . The size and type of scarring on the bowhead whales reported here suggests the whales were hit by a propeller from a large vessel (over 30 m in length). Killer whales can also inflict severe lacerations (Hancock, 1965; Finley, 1990 ), but teeth marks are absent and the scar pattern on 87WW2 (Fig. 3a) is very similar to ship propeller injuries noted on North Atlantic right whales (Kraus, 1990) . Philo et al.(1990) reported a harvested bowhead whale with a jaw fracture that he speculated may have been caused by a ship collision. Nerini et al.(1984) initially speculated that whale 76H4 carried propeller scars, which was corroborated in this analysis.
The scarcity of observations of vessel-inflicted injuries suggests that the incidence of ship collisions with bowhead whales is quite low (about 1%). This is probably largely due to the comparatively low rate of vessels passing through most of the bowhead's range but it may also be, as with right whales, that many do not survive the collision (Kraus, 1990) . The most probable areas for BCBS bowheads to encounter large vessel traffic are the far eastern end of the Northern Sea Route (along the north shore of the Chukotka Peninsula) during autumn and the Eastern Canadian Beaufort Sea during August and September (Richardson et al., 1987) . In this portion of the Sea Route, large numbers of bowheads aggregate in the shipping lanes during October (Miller et al., 1986; George, unpublished field notes) . Kraus (1990) provides evidence that ship collisions are a significant source of mortality for North Atlantic right whales. He estimated that 5 of 25 (20%) dead-stranded right whales, in which the cause of death was determined, succumbed to ship collisions. He also estimated that approximately one-fifth of ship collisions with right whales are fatal. Goodyear (1989:24) observed that right whales are oblivious to approaching ships during surface social activity and suggested that "misses by ships became merely random events." Some studies suggest that bowheads may show greater avoidance reactions to ships than the more habituated North Atlantic right whale. Richardson et al.(1987) report that most bowheads show avoidance reactions to approaching ships more than 1 km distant in the Eastern Canadian Beaufort, which would decrease the likelihood of a ship collision. However, these reactions were short-term and they suggest that summering bowheads could habituate to an ongoing stimulus from off-shore drilling or vessel operations. Eskimo hunters report that bowheads are less sensitive to approaching crafts when they are feeding. We noted that bowheads feeding during the spring migration near Barrow seemed almost oblivious to the presence of humans (Carroll et al., 1987) . Wartzok et al.(1989) reported that bowheads in the Eastern Canadian Beaufort Sea showed very similar behavior to right whales in the presence of ships. That is, after an initial startle response, bowheads showed little reaction (some almost oblivious) to their (32 m) vessel and over 180 whales voluntarily approached to within 15 to 500 m. Considering the above, it is not improbable for vessels to collide with feeding bowheads.
